Terpenoids, which are typical components of the essential oils of flowers and fruits, are also present as free and glycosylated conjugates amongst the secondary metabolites of wine grape varieties of Vitis vinifera. Hence, when these compounds are present in wine, they are considered to originate from the grapes and not from fermentation. However, the biosynthesis of monoterpenes by Saccharomyces cerevisiae in the absence of grape derived precursors was shown recently to be of de novo origin in wine yeast strains. The contribution of yeast and bacterial fermentation metabolites to the aromatic profile of wine is well documented. However, the biotechnological application of this knowledge is still rather limited and often contradictory. Redox conditions, size of inoculums, temperatures of fermentation, osmotic pressure and the medium nutritional content can profoundly affect the profile of yeast and bacterial metabolites produced or their biotransformation capacity in wine. Results obtained in the last decades in relation to microbial micrometabolism of aroma compounds measured with more sophisticated GC-MS methods are discussed in relation to the known terpenoid biosynthetic pathways and wine composition. Further development of metabolic footprinting techniques for the discrimination of wine quality must be one of the main challenges for wine biotechnologists in the near future.
Wine aroma depends on numerous factors, with particular importance being assigned to the variety of grape, vinification process, maturation, and aging [1] [2] [3] [4] . It is well established that the secondary metabolites of grapes are responsible for the principal aroma compounds in musts and so provide the basis of varietal character [1, 2, 5] . Numerous studies on the volatile compounds of Vitis vinifera wines, as reviewed by Strauss [6] , Versini [2] and Rapp [3] , helped to elucidate the basic flavor chemistry. Fermentation also increases the chemical and aroma complexity of a wine by assisting in the extraction of compounds from solids present in the grape must, modifying some grape derived compounds, and by producing substantial amounts of yeast secondary metabolites [7] [8] [9] .
In relation to varietal characterization [3] , it is necessary to understand the influence of specific compounds on the total flavor impression. A good example is the identification of monoterpenoids, compounds with strong sensory qualities and widely diffused in plants such as V. vinifera varieties. Monoterpenols, particularly linalool, geraniol and nerol, are responsible for the characteristic floral aroma in grapes and wines of V. vinifera cultivars such as Muscat varieties, Gewürztraminer and Riesling [2] . Acid-catalyzed rearrangements during wine processing and aging can also result in changes in concentration and formation of new compounds that were not present in the original grapes and young wines [10, 11] . Moreover, in grapes, terpenoids exist both free and as glycosides [12] , being some of the bound terpenoids released either chemically [13, 14] or by natural β-glycosidase activity of either the grape or of yeasts and bacteria during the vinification phases [8, 15] . Conversely, in non-aromatic grapes, these compounds usually occur at concentrations lower than their odour thresholds, although they are present as odourless glycosidic precursors. The question therefore arises as to which chemical and/or biological processes are responsible for the increase of monoterpene alcohols during fermentation of low monoterpene grape varieties. In this review the contribution of several chemical and biological pathways to the formation of monoterpenes during alcoholic fermentation of wine is discussed as a result of recent results that have made more understandable some of the events of isoprenoid micrometabolism in fungi and lactic acid bacteria.
Biosynthesis of terpenoids in plants
The terpenoid pathway is one of most important biosynthetic pathways in plants. In this review we outline recent progress in the understanding of this biosynthetic pathway in plants, focusing on its role in grapes and wines.
Terpenoids are the most numerous and structurally diverse group of natural products [16] [17] [18] [19] , including hemi-, mono-, sesqui-, di-, tri-, and tetra-terpenes. It has been estimated that there are more than 30,000 isoprenoid compounds in plants [20] . They play numerous vital roles in basic plant processes, including respiration, photosynthesis, growth, development, reproduction, defence, and adaptation to environmental conditions [18, [21] [22] [23] . Some plant produced terpenoids are also essential nutrients in human diets and are used as chemotherapeutic agents [24] , playing many roles in human health and animal physiology [25] [26] [27] . They also have industrial uses as pigments, fragrances, flavourings, polymers, and agrochemicals.
As the content of isoprenoid compounds in plants is quite low, extraction of terpenoids from them always leads to low yields. Chemical synthesis is usually not viable owing to the structural complexity of the compounds and the expense associated with the chemical synthesis.
Terpenoids are biosynthesized by condensation of the isopentenyl diphosphate 5-carbon unit (IPP) and its isomer dimethylallyl diphosphate (DMAPP) in a head-to-tail or head-to-head fashion. In higher plants there are two isoprenoid biosynthetic pathways which result in the precursors IPP and DMAPP. Over the course of evolution, plants have maintained the well known eukaryotic mevalonic acid (MVA) pathway [28] in the cytosol (the classical pathway), and acquired the recently discovered prokaryotic 2-Cmethyl-D-erythritol 4-phosphate (MEP) (alternative pathway) [29] [30] [31] from the endosymbiotic ancestor of plastids (see Figure 1 ). The dichotomy between cytoplasmic and plastidial isoprenoid metabolisms is not always clear-cut. Cross-talk and intermediate exchange is regularly observed between the two compartments. Such aspects concerning the regulation of the biosynthesis of plant isoprenoids have never been considered in the past [32, 33] .
Isoprenoids synthesized in the cytoplasma and mitochondria, such as sterols and sesquiterpenes, are formed predominantly via the classical mevalonate route (MVA). However, the compartmental separation of the two pathways is not absolute and the extent of this crosstalk depends on the species and the physiological conditions [34] [35] [36] . It is still unclear to what extent the MVA and DOXP/MEP routes are utilized for monoterpenoid biosynthesis in V. vinifera or to what extent the demonstrated uptake of IPP in isolated plastids in vitro contributes to the biosynthesis in vivo. Therefore, the biosynthesis of monoterpenes in V. vinifera was investigated by in vivo feeding experiments using different berry tissues and deuterium labelled DOX and MVL with subsequent analysis of the formed metabolites. The results show that in grape berry exocarp and mesocarp and in grape leaves the novel DOXP/MEP route is almost exclusively utilized for monoterpene biosynthesis [38] .
The localization of monoterpene biosynthesis in the grape berry is an essential prerequisite for the selection of suitable grape tissues for more detailed studies on the isolation and characterization of enzymes involved in monoterpene metabolism. Interestingly, the Muscat Alexandria berries of ungrafted bunches and of bunches grafted onto Shiraz or Sultana vines, not producers of monoterpenes, yielded fruit with monoterpenes at levels and types typical of this floral grape variety [37] . The lack of difference between flavor compounds in grafted and non-grafted fruit indicates that aroma compounds are synthesized in the berries and that their presence is determined by the genotype of the grape bunch. Furthermore, the results of feeding experiments show that monoterpene metabolism is compartmentalized between different grape berry tissues: geraniol biosynthesis is mainly restricted to grape berry exocarp, whereas linalool biosynthesis can be detected in exocarp as well as in mesocarp. Thus, the distribution of the corresponding enzymatic activities within the berry is extremely heterogeneous. If one assumes plastidic monoterpene biosynthesis in the mesocarp and exocarp cells via the DOXP/MEP pathway, the observed import of exogenous IPP into isolated plastids from cell suspension cultures [38] may be only a minor pathway for monoterpene biosynthesis under normal conditions (meaning the absence of specific inhibitors or stress conditions). However, observations with induced plants strongly suggest a cooperative use of both the MVA and DOXP/MEP pathways in biosynthesis of terpenoid volatiles [39, 40] . This dynamic allocation of resources in induced plants may also be operative in grapevine and further detailed studies are needed.
The tremendous structural variety of terpene metabolites observed in the plant kingdom is mostly due to the evolution of a large terpene synthase (TPS) superfamily, which includes more than a hundred TPS genes known today [16] . Apart from the rapid evolution of terpene synthases, the structural features of these enzyme catalysts are another major cause of terpene diversity [25, 41] . Most of the reaction mechanisms of monoterpene, sesquiterpene and diterpene synthases involve a divalent-cationdependent ionization of the prenyl diphosphate substrate and the formation of carbocation intermediates [32] . The intermediates have different metabolic fates, leading to the synthesis of structurally diverse products. It is not usually possible to predict the product profile of terpene synthases on the basis of their primary structure alone. Therefore, the elucidation of enzyme structure-function relationships depends on relating three-dimensional structures and the position of amino-acid residues to the catalytic process. Many monoterpene and sesquiterpene synthase genes have been isolated and characterized from terpeneaccumulating cells and tissues, such as leaf glandular trichomes and from fruits of agriculturally important plants, including Citrus and grape [42] [43] [44] [45] [46] [47] [48] . Some of these TPS genes exhibit broader expression in fruits and flowers, whereas others are specifically expressed at particular stages of fruit development or ripening. Elucidating the multiple physiological and/or ecological roles of terpene synthase products remains a challenging task. Such investigations are primarily supported by an interest in the metabolic and genetic regulation of the biosynthesis of flavors and aromas. Very limited information appears in the literature about genetic and aroma compound relations in Vitis. An exception was the clone differences reported for the V. vinifera Tannat red variety, where two groups can be clearly distinguished, both genetically and by the composition of the bound fraction of aroma compounds, where monoterpenes could play an interesting role [49] , as the monoterpene diols cisand trans-8-hydroxylinalool. These compounds are considered as aroma precursors that under the acidic conditions of the wine, can give, by rearrangements, a number of volatile compounds, as is the case with 3,9-epoxy-p-menth-1-ene, a character impact compound of fresh dill herb [50] .
Plants produce a plethora of volatile compounds for both general and specialized functions. Recent advances in instrumentation, coupled with our present ability to isolate and characterize genes and the enzymes they encode from diverse plant species, have greatly enhanced our understanding of how plants synthezise these compounds and how they regulate their production. The next level of understanding will surely come from studying the significance of these volatiles for plant physiology and their impact on the ecological interactions of plants with their environment.
With regard to vineyard management, a few studies have shown that total monoterpene (free and bound forms) concentration in the grape is affected by canopy microclimate factors, such as temperature and light [51] [52] [53] . A higher berry monoterpene concentration coincided with increased light intensity inside the canopy and with cooler seasons and/or regions compared to those ripened in warmer conditions. However, the effect of vine nutrition in relation to isoprenoids has not been well studied. An unclear effect over free and bound monoterpenes in Riesling wines from vines treated with nitrogen was noted, where higher concentrations of free linalool and bound linalool oxide, citronellol and α-terpineol were found, but lower concentrations of free linalool oxide and citronellol, compared to wines from untreated vines [54] . Further research would be necessary to better understand the behavior of these key aroma compounds under vine conditions.
Chemical hydrolysis and transformation in grape must and wines
In general, the aroma compounds are conjugated to glucose as β-D-glucopyranosides, or form more complex disaccharides with glucose being conjugated with a second sugar unit. In grapes and wines, [14, [55] [56] [57] [58] [59] . Liberation of glycosylated compounds, such as monoterpenes, is important, contributing to the aroma of certain wine aromatic varieties [60, 61] . Sensory analysis of hydrolyzed products also demonstrates the contribution of other glycosylated compounds on varieties such as Semillon [62] . These odorless glycosidic compounds can be hydrolyzed by either chemical or enzymatic treatment as a result of a sequential mechanism involving various intermediate glycosides. On the other hand, the process of acid hydrolysis occurs quite slowly and can also promote the rearrangement of aglycones, resulting in new aroma molecules [59] .
The rate of acid hydrolysis is dependent on the pH and temperature of the medium, and on the structure of the aglycone moiety [63] . Glycosides of tertiary alcohols, such as linalool, linalool oxides and α-terpineol, are more readily hydrolyzed than those of primary alcohols, such as geraniol and nerol, as was observed in wine [64] .
Some chemical transformations characterized for certain wines, for example the "eucalyptus" aromatic note, could be interesting. This term describes the spicy, mint-like aroma of certain red wines. The typical eucalyptus odor (fresh, camphoraceous, cool) usually is related to the monoterpene 1,8-cineole (1,3,3-trimethyl-2-oxabicyclo[2.2.2]octane), also known as eucalyptol. At one stage it was suggested that vineyards producing such wines were surrounded by Eucalyptus trees, which contributed their essence to the grapes [65] . However, it was recently demonstrated that the presence of 1,8-cineol in wines can derive from precursors typical of the grape itself, such as limonene [66] . Thus can be explained the eucalyptus-like scent in wines from grape and vineyards, far away from Eucalyptus cultivations, as observed in the case of Tannat wines. 1,8-Cineol and chemically related compounds have been quantified by GC/MS/SIM in monovarietal Tannat wines and grape samples of this variety, harvested from southern Uruguayan vineyards. The authors also report the results of deuterium-labeling experiments that established the sequence of chemical rearrangements from limonene to 1,8-cineole through reaction steps that involve the cyclisation process of trans-1,8-terpine catalyzed by temperature and acidic conditions that can be reached by grapes and wines ( Figure 2 In parallel, the acidic wine conditions generate molecular modifications of monoterpenes by different reactions (isomerisation, cyclisation, hydration, dehydration and oxidation). These reactions produce other terpenic polyols (Figure 3 ), which are thermodynamically more stable [57, 67, 68] .
Some terpene diols identified in the grape [69] , which are not volatile and do not influence the aroma, react in acid media to produce volatile terpenes with aromatic importance (Figure 4 ).
The formation of ethoxiterpenes derived from the main terpenes has been detected [70] , produced by the route of the carbocation balance during hydrolysis of the glycosylated forms [71] . 
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Enzymatic hydrolysis
The hydrolysis of monoglucosides requires the action of a β-glucosidase, while hydrolysis of disaccharide glycosides requires the sequential activity of an appropriate exo-glycosidase to remove the outermost sugar residue, followed by a β-glucosidase to remove the remaining glucose ( Figure 5 ) [72] . It was also shown that an endo-glycosidase alone is capable of hydrolyzing this linkage thus liberating disaccharide and aglycon [73] . Plant and microbial glycosidases have been reported and reviewed by different authors [63, 74] .
Glycosidase activity in grape:
Grapes have reasonable β-glucosidase activity [75, 76] , but low α-rhamnosidase, α-arabinosidase and β-xylosidase activities have been detected [76] .
β-Glycosidase activity of grape juice is virtually absent, as its low pH and the presence of glucose inhibit the enzymatic activity [73, [75] [76] [77] [78] [79] . This aromatic potential is released naturally during fruit maturation by endogenous β-glycosidases of grapes, but these enzymes show low activities and cannot liberate the whole aromatic potential, so that most hydrolytic experiments have been performed using exogenous β-glucosidases [58] .
Glycosidase activity in filamentous fungi:
Botrytis cinerea is an important mold contaminant of grape berries. The development of this fungus enriches grape juice in β-glucosidase, α-arabinofuranosidase and α-rhamnosidase activities [80] . However, moldcontaminated juices also contain glucono-δ-lactone, a strong inhibitor of β-glucosidase activity [81] .
Enzyme preparations, widely used in winemaking to improve juice clarification and yield through their pectinase and hemicellulase activities, are obtained from filamentous fungi, particularly Aspergillus spp. [82] . They have other secondary enzymatic activities; β-glucosidase and α-arabinofuranosidase are usually the most important, while α-rhamnosidase, and particularly β-apiosidase activities, are either very low or absent [83] . Many commercial fungal βglycosidases have been reported to carry out hydrolysis of glycosylated compounds, but in practical winemaking they also present problems due to glucose inhibition [75, 84] .
Yeast glycosidase activity during wine fermentation:
Numerous reports have shown that several yeasts involved in vinification processes display β-glycosidase activity, and that this activity tends to be greater in non-Saccharomyces strains than in S. cerevisiae [85] [86] [87] [88] [89] . One large screen of strains belonging to 20 species of yeasts, including Debaryomyces castelli, D. hansenii, D. polymorphus, Kloeckera apiculata and Hansenula anomala, showed β-glucosidase activity [88] . Furthermore, these indigenous species of non-Saccharomyces yeasts may impart special characteristics to the wines [90, 91] . Therefore, in order to enhance the sensorial attributes of the wines, it is important to explore the potential of wild yeasts isolated from enological ecosystems producing β-glucosidases. However, the activity of these enzymes has not been studied extensively and therefore their role on wine flavor is still unclear [7, 92] . Recently, some native Saccharomyces and non-Saccharomyces strains were identified that show glycosidase activity in an escullin solid medium [93] . This technique directly correlates with the GG determination method that measures their enzymatic hydrolysis of glycosylated compounds in grape must [94] . The glycosidic activity related to S. cerevisiae has been proven in Riesling and Chardonnay musts [95, 96] , and is weakly sensitive to the presence of sugar, but its action is very reduced due to must and wine pH [79, 97, 98] . On the other hand, several non-Saccharomyces yeasts have been shown to possess glycosidic activities, but are strongly inhibited by glucose concentration [99] [100] [101] . More promising findings come from work with Debaryomyces and Candida strains [88, 102, 103] . More recently, the identification of a non-Saccharomyces yeast strain isolated from fermenting must, Metschnikowia pulcherrima, was selected for its high β-glucosidase activity [93] . The isolation, purification and partial characterization of the main enzyme it produced has contributed to a better understanding for the development of methods of potential application for wine production [104] .
Bacterial glycosidase activity in wine:
After alcoholic fermentation in wines, malolactic O TERPENE fermentation (MLF) can take place. Lactic acid bacteria (LABs), mainly Oenoccocus oeni, are responsible, and malic acid is metabolized to lactic acid and CO 2 [105] [106] [107] . Different enzyme activities of LABs have been reported in winemaking [108] . Studies of β-glycosidase activity in one strain of O. oeni [109] showed activity at a must pH of 3.5, retaining 78% of its maximum activity value.
Other authors, working with cultures derived from 11 commercial preparations of O. oeni, reported the responses of β-glucosidase activity to enological pH values, and glucose/fructose and ethanol concentrations [110] . These activities were readily detectable under synthetic medium conditions used in the study, but the situation under enological conditions was more complex.
The influence of lactic acid bacteria during MLF on glycosylated compounds of Tannat Vitis vinifera cv wines, using traditional wine-making conditions was recently demonstrated [111] . More recently, work of other authors using other grape varieties and bacterial strains, reported β-glycosidase activity [112] [113] [114] [115] . Such enzyme activities of lactic acid bacteria could be proposed as a useful tool in winemaking for flavor liberation in wines. Thus, it is necessary to continue the research in order to study the consequences of malolactic fermentation on the aromatic richness of wines and their organoleptic quality. The differences found in the free fraction content could also be explained by further chemical rearrangements of the aglycones under the acidic conditions of the wine. However, this hypothesis was explored using synthetic glycoconjugates (benzyl and geranyl glycosides) on a synthetic medium [111] . The production of a stable arrangement of aroma compounds associated with the bacterial produced polysaccharides was demonstrated to happen in red wine after malolactic fermentation [111] .
Biotransformation of terpenoids by bacteria and yeasts during fermentation
The demonstration that exogenous monoterpenes can undergo biotransformation provides further evidence for the existence of a terpene metabolic pathway in bacteria and yeasts. Nearly two thirds of the papers published in the last decade on the production and/or biotransformation of terpenes were carried out using bacteria and fungi [116] . The transformation of free terpenes by different yeasts, especially non-Saccharomyces species, has been reported [117] . This might be important in 'low input winemaking' techniques, in which spontaneous fermentations are promoted and more yeast diversity is developed in the process [118] [119] [120] [121] .
Although in bacteria, as it was stated here, glycosidase activity was clearly demonstrated as being related to various wine lactic acid bacteria during wine fermentation, no information was found in relation to biotransformation of monoterpenes by these microorganisms in grape or winemaking conditions.
The biotransformation and formation of some terpenes by S. cerevisiae in grape musts was proposed previously. In winemaking conditions, S. cerevisiae can biotransform geraniol to citronellol [122] . Biotransformation of the monoterpenes linalool, α-terpineol, nerol and geraniol by S. cerevisiae was shown in model fermentations [123] . However, the mechanisms are currently ill-defined. Furthermore, only one cyclase gene related to sterol metabolism in yeast, lanosterol synthase, has been reported [124] .
Bacterial biosynthesis of terpenoids
Although studies in bacteria have led to the discovery of the alternative pathway for isoprenoid formation, the MEP pathway, terpenoid biosynthesis was investigated only rather recently in bacteria. This is partly due, on the one hand, to their low concentration in bacterial cells, which makes them less suitable for biosynthetic studies, and, on the other hand, to the apparent lack of diversity of bacterial isoprenoids, at least as compared to plant or fungal isoprenoids. The presence of the mevalonate pathway has been confirmed for sterol biosynthesis in the gliding bacterium, Nannocystis exedens [125] , and for carotenoid biosynthesis in a bacterium assigned to a Flavobacterium sp. [126] . Such results could not, however, be extended to the formation of isoprenoids in other bacteria [33] . Upon incorporation of [1-14 C] acetate into the ubiquinone from Escherichia coli, a degradation procedure was performed for determining the position of the labeled carbon atoms [127] . This resulted in a labeling pattern that was different from the pattern expected from the mevalonate pathway, and also this incompatible situation was detected in Streptomyces sp. [128] . This short selection of experimental data points out questions that cannot be satisfactorily answered in the frame of the sole mevalonate pathway. The discovery of a novel pathway for the formation of isoprene units was an unexpected sideproduct of Rohmer's research group activity in the field of the chemistry and biochemistry of bacterial triterpenoids of the hopane series [33] . The elucidation of the methylerythritol phosphate pathway (MEP) was obtained by incorporation of 13 C-labeled glucose isotopomers into the hopanoids of the bacterium Zymomonas mobilis. Incorporation of glucose isotopomers with single labeling at C-1, C-2, C-3, C-5, and C-6 pointed out the existence of a novel biosynthetic route to isoprene units and definitively excluded the mevalonate pathway [30] . Isoprene units of the hopane skeleton were derived from a three-carbon subunit corresponding to a glyceraldehyde phosphate derivative and from a two-carbon subunit corresponding to decarboxylated pyruvate, as shown in Figure 1 . This pathway was demonstrated first in bacteria [30] and confirmed in plant plastids, as shown here. Incorporation of uniformly labeled [U-13 C6]glucose into the hopanoids of Z. mobilis and of either 13 C-labeled pyruvate or glycerol into ubiquinone of E. coli mutants, each lacking one enzyme of the triose phosphate metabolism, confirmed both the nature of the two subunits and the rearrangement reaction [31] . Similar results requiring the same interpretation were obtained with other bacteria and for other isoprenoid series [33] . Interestingly, there is very limited information about monoterpenes in bacteria.
Recently, monoterpenoid production has been investigated with the construction of a strain of E. coli with cDNAs encoding the four enzymes required for carvone synthesis from DMAPP and IPP [129] . The low levels of carvone obtained with this strain were 20-fold increased when the yeast mevalonate pathway was introduced to this bacterial strain, which demonstrated the existence of a limit in IPP and DMAPP availability in E.coli [130] .
Yeast biosynthesis of monoterpenes and sesquiterpenes
Lynen proposed in 1964 [131] that terpene and sterol biosynthesis are related. Anaerobic conditions were suggested to inhibit several essential steps in ergosterol biosynthesis, including squalene epoxidation and the oxidative demethylation/dehydrogenation of lanosterol, essential steps for the formation of ergosterol. Some researchers suggested that such inhibition of sterol biosynthesis could stimulate terpene formation by fungi due to the accumulation of sterol precursor compounds [132] . Alternatively, interrupting the sterol pathway by mutation can alter terpene content. S. cerevisiae farnesyl-diphosphate synthase (ERG20) mutants accumulate high levels of geraniol [133] . However, as fungi do not typically produce monoterpenes, research on the synthesis pathways has been focused on polyterpenoids, such as triterpenoids, carotenoids and ubiquinone [134] . The biosynthesis of sterols and some diterpenes and triterpenes in fungi and yeasts have been described to proceed by the mevalonic acid (MVA) pathway, through isopentenyl pyrophosphate (IPP) and dimethyl allyl pyrophosphate (DMAPP) intermediates (building blocks) [132, [134] [135] [136] [137] [138] . Furthermore, no close homologues were found with the MEP pathway key enzyme, 1-deoxyxylulose-5phophate reductoisomerase (DXR) of plants in fungi [139, 140] .
Knowledge on the formation of terpenoids by yeasts until recently was limited to the production of trace concentrations by a small number of non-Saccharomyces species, such as Kluyveromyces lactis [141] , Torulaspora delbrueckii [142] , Kloeckera apiculata, Metschnikowia pulcherrima, Candida stellata [143] , and Ambrosiozyma monospora [144] . Hock et al. [143] concluded that S. cerevisiae could only produce approximately 2 μg L -1 of the sesquiterpene farnesol, a hydrolysis product of the ergosterol precursor farnesyl pyrophosphate (see Figure 6 ). Although recently some interesting efforts have been made to produce sesquiterpenes by engineered yeasts, there is limited literature in relation to natural sesquiterpene production by yeasts. A metabolically engineered Saccharomyces cerevisiae strain that expressed a plant sesquiterpene epi-cedrol synthase using FPP [145] , production of the antimalarial drug precursor artemisinic acid [146] , and accumulation of higher levels of FPP for commercial synthesis of these kind of compounds [147] were reported recently. However, information on monoterpenes formation by yeasts is still limited. Although the production of geraniol by mutant strains of Saccharomyces with a genetic defect in the sterol pathway was recorded [133] , it was not until recently that it was reported that some natural strains of S. cerevisiae present in wines are capable of significant production of monoterpenes and some trace concentrations of the sesquiterpenes farnesol and nerolidol under certain fermentation conditions [148] . During fermentation of an aromatic grape juice (Vitis vinifera cv. Moscato Giallo) with mixed cultures of non-Saccharomyces and S. cerevisiae strains, an increase of approximately 30% in monoterpene concentrations was detected, based on the total amount of free and conjugated terpenes analyzed before and after fermentation [148] . More recently de novo production of terpenes in strains of S. cerevisiae was conclusively demonstrated in a simple chemically defined medium without grape juice, terpenes or their glycoconjugates [139] . Several strains of S. cerevisiae and one of Hanseniaspora uvarum were tested in parallel model fermentations, including the widely studied wine yeast strain, S. cerevisiae M522 (University of California, Davis). This strain was used to evaluate the factors affecting terpene production, where it was demonstrated that, strikingly, the YAN and oxygen content of the fermentation medium influences monoterpene formation. High YAN concentration of the medium (400 compared with 180 mg N/L), which stimulates fermentation rate, but not biomass yield, stimulates monoterpene, but not sesquiterpene (nerolidol and farnesol) formation. In addition, microaerobic compared with anaerobic conditions favored terpene accumulation in the ferment. To explain these results, based on blast searches performed on the Saccharomyces genome database, the authors hypothesized that monoterpenes might not be derived only from the sterol pathway, as sesquiterpenes appear to be, but by an alternative pathway. This latter pathway, which involves the conversion of leucine to mevalonic acid, is located in the mitochondrion, and this fact could explain the noncoordinated synthesis of the two terpene groups (monoterpenes and sesquiterpenes). Assimilable nitrogen, as well as oxygen, is known to regulate mevalonic acid and sterol formation, and hence the concentration of intermediates, such as geranyl pyrophosphate, which can act as a terpene precursor.
Recently, this pathway interconnecting leucine catabolism and isoprenoid metabolism has been studied in fungi [135, 137] . Although the precise enzymatic basis for the link between sterol biosynthesis and leucine catabolism is still lacking, there is strong genetic evidence recently reported for the fungus, Aspergillus nidulans [149] that supports the existence of such a metabolic link. The pivotal reaction required for both leucine catabolism and isoprenoid metabolism is catalyzed by the enzyme 3-methylcrotonyl-CoA carboxylase (MCCase; EC 6.4.1.4), which has been described in some bacterial species and is present in the mitochondria of On the left hand side of this scheme, the MVA pathway is known to occur in the cytosol. On the right hand side, the leucine catabolism pathway ("MCC pathway") and the formation of monoterpenes through a GPPase known to occur in mitochondria in yeast. Although, no putative genes were identified for the formation of linalool and αterpineol in yeast, the low pH of the vacuoles might explain the formation of these compounds in wine fermentation. EC 6.4.1.4), which has been described in some bacterial species and is present in the mitochondria of mammals and plants (see Figure 1 ) [150, 151] . The existence of a putative MCCase in yeast was found [139] and mutant strains in this gene resulted in a lower or null concentration of monoterpenoid production by Saccharomyces cerevisiae (Carrau et  al, unpublished results) . On the other hand, geranyl diphosphate synthase (GPPase), the other key enzyme for monoterpene synthesis that produces geranyl diphosphate from the IPP pool, although not previously described in yeast, might be present, according to a putative gene identified in these studies.
The tight binding of GPP to the farnesyl diphosphate synthase (FPPS) catalytic site might explain why generally in animals and microorganisms no GPP is released and made available for the biosynthesis of C-10 byproducts [152] . However, the mechanism of formation of monoterpenes in natural wine yeasts [139] and in the yeast mutants erg20 gene that encodes the FPPS [153] is still not well understood. The putative GPP synthase of mitochondrial localization identified recently in the Saccharomyces cerevisiae genome [139] argues in favor of the hypothesis that some of the monoterpenes detected in the ferments could be formed in the mitochondrion. It is proposed that the de novo biosynthesis of monoterpenes by S. cerevisiae and other yeasts could follow two simultaneous pathways, one in the mitochondrion related to leucine catabolism, and the other in the cytosol related to sterol biosynthesis (see Figure 6 ). This scheme also could explain the behavior of the erg20 mutants that are blocked in the FPP synthase in the cytosol, resulting in an excess of IPP that could enter the mitochondrion, as was shown in plant plastids and cytosol [154] . Yeast mutants in this GPPase putative gene are currently under study to understand this hypothesis. The last step of the formation of free monoterpenes is dephosphorylation. Although the enzyme activity involved in GPP dephosphorylation has not yet been identified in yeast, it was shown that the genes encoding the diacylglycerol phosphate phosphatases (LPP1 and DPP1) accept isoprenoid pyrophosphates as substrates in vitro in Saccharomyces cerevisiae [155] . However, the expression of a plant geraniol synthase (GES) in the erg20 mutant strain of S.cerevisiae resulted in a 10-fold increase in geraniol production [152] , which confirms that GPP dephosphorylation is indeed a limiting step in terpenoid formation in yeast. An endogenous isoprenoid phosphatase activity, apart from LPP1 and DPP1, could explain the formation of geraniol in this mutant. However, the formation of some of the geraniol and probably all the linalool was proposed to take place in the vacuoles from the low pH effect [152] . In summary, some strains of yeast, particularly Saccharomyces, might contribute to the floral aroma of wine by de novo synthesis of monoterpenes, and this effect could be augmented by higher juice nitrogen in combination with microaerobic fermentation. These results open a new field of yeast micrometabolism. A better understanding of isoprenoid biosynthetic pathways in this model unicellular eukaryote could help in the understanding of more complex systems, such as in human, plant and animal physiology. Future research must be focused on the exploration of other yeast mutants to define yeast isoprenoid metabolism and its potential biochemical engineering development in winemaking.
Consequently, the application of metabolic footprinting techniques with GC-MS analysis would make possible the understanding of wine metabolome, including terpenoids at very low concentration of microbial or grape origin. The metabolome is expected to, and indeed was recently found to be more sensitive to perturbations in a cell than either the transcriptome or proteome analysis [156, 157] .
